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SUMMARY 
This inves t iga t ion  w a s  undertaken t o  determine t h e  e f f e c t  t h a t  a standard 
Gemini left-hand window would have on any experiment i n  which angular deviat ion 
of a l i n e  of s i g h t ,  or l o s s  of o p t i c a l  reso lu t ion ,  would be an important 
f ac to r .  I n  t h i s  completely experimental inves t iga t ion  space pressure condi- 
t i ons  were simulated. 
The windowpanes were convex as much as 63 wavelengths and concave 35 wave- 
lengths and contained an  i r r egu la r  wedge angle as  l a rge  as 76 seconds of a r c .  
Angular deviations of a l i n e  of s igh t  var ied as much as 2 minutes of a r c  with 
aper ture  pos i t ion  on t h e  window, azimuth angle,  and angle of incidence. Thus, 
t h e  window would impose a deviat ion e r ror  of t h e  order of 2 minutes of a r c  on 
any pointing experiment. The best  reso lu t ion  without refocussing w a s  30 sec-  
onds of a r c  and was of t h e  order of 8 seconds of a r c  when refocussed. There- 
fo re ,  t h e  window i s  of reasonable qua l i ty  f o r  most viewing and photographic 
experiments.  
INTRODUCTION 
I n  fu tu re  space f l i g h t s ,  t h e  viewing por t  f o r  o p t i c a l  experiments m y  be 
a window of t h e  spacecraf t  , making t h e  window a c r i t i c a l  component i n  t h e  
design and evaluation of experiments. It i s  therefore  e s s e n t i a l  t h a t  t h e  win- 
dow be of high o p t i c a l  qua l i t y  and t h a t  t h e  qua l i t y  be known. No published 
s tudies  of t h e  op t i ca l  q u a l i t i e s  of spacecraft  windows could be found a t  t h e  
t i m e  t h i s  study was i n i t i a t e d ,  but some s tudies  had been made of a i r c r a f t  
photographic windows ( re f .  1). 
This inves t iga t ion  w a s  undertaken t o  measure some of t h e  op t i ca l  charac- 
t e r i s t i c s  of a standard lef t -hand Gemini window. O f  pa r t i cu la r  i n t e r e s t  i s  t h e  
angular deviation imparted t o  a l i n e  of s igh t  by t h e  window. The only mathe- 
matical  method f o r  pred ic t ing  such deviat ion i s  a ray  t r a c e  computing program 
based upon t h e  window surface shape and wedge angle. Since t h e  Gemini window 
i s  a three-pane assembly, uncer ta in t ies  i n  t h e  three-wedge angles and s i x  sur- 
faces  involved could lead  t o  a wide va r i a t ion  i n  computed deviations.  It thus 
seemed necessary t o  ac tua l ly  measure t h e  deviations i n  a t e s t  program. Because 
of t h e  la rge  window s i z e ,  t h e  l a rge  number of data poin ts  necessary, and t h e  
need for 1 second of a r c  prec is ion ,  spec ia l  equipment and techniques w e r e  used 
t o  accomplish t h e  measuring t a sk .  The equipment consis ted of a pro jec t ion  
autocollimator with a l a rge  aper ture ,  capable of consecutively measuring angular 
deviations through many small areas, at  a single adjustment of window and auto-  
coll imator or ien ta t ion .  These measurements are important i n  indicat ing t h e  
magnitude of e r ro r s  and uncer ta in t ies  t h e  window would cause when op t i ca l  
devices, such as sextants ,  stadimeters,  and point ing lasers are used onboard a 
spacecraft .  
t i o n  of an o p t i c a l  system because t h e  window i s  e s sen t i a l ly  one component of 
t h e  op t i ca l  
Also of primary i n t e r e s t  i s  t h e  e f f ec t  of t h e  window on t h e  r e so lu -  
system (e.g. ,  cameras and te lescopes) .  
The major o p t i c a l  parameters, f l a t n e s s  and wedge angle, were measured f o r  
a standard Gemini window. These parameters are cha rac t e r i s t i c s  of t h e  g l a s s  
and cause loss  of r e so lu t ion  and er rors  i n  deviat ion.  Line-of -sight deviat ion 
e r rors  are a l s o  caused by index of r e f r ac t ion  changes from vacuum to spacecraf t  
atmosphere and by d i s t o r t i o n  of t h e  window caused by pressure d i f f e r e n t i a l  and 
stress from t h e  frames. These conditions w e r e  simulated s o  t h a t  t h e  l ine-of -  
s igh t  measurements would be equivalent to those  made i n  a spacecraf t .  
W I N D O W  DESCRIPTION 
The Gemini lef t -hand window cons is t s  of outer ,  center ,  and inner panes. 
Thicknesses are 0.330, 0.380, and 0.220 inch, respect ively.  
outer panes a r e  made of Corning Vycor 7900 high-temperature fused s i l i c a ,  and 
t h e  inner pane i s  made of Corning 1723 tempered g l a s s .  
panes have an a n t i r e f l e c t i o n  coating. Acceptance spec i f ica t ions  of t h e  contract  
to Owens Corning Corporation f o r  t h e  windows covered overa l l  l i g h t  transmission 
and g lass  qua l i ty ,  including t h e  maximum s i z e  and number of bubbles and inc lu-  
s ions ,  and t h e  allowable d i s t o r t i o n  of a g r i d  p a t t e r n  photographed through t h e  
panes. N o  spec i f ica t ions  were given, however, f o r  f l a t n e s s ,  wedge angle,  or 
resolut ion.  
The center  and 
The center and inner 
The shape of t h e  window ( f i g .  1) i s  approximately e l l i p t i c a l ,  t h e  two 
inner panes having a horizontal  major axis of 1 4  inches and a v e r t i c a l  minor 
ax is  of 8 inches. 
inches and a v e r t i c a l  minor ax is  of 8-1/2 inches. 
The outer pane has a hor izonta l  major ax is  of about 15-3/4 
The outer pane of t h e  window i s  at tached t o  t h e  outer spacecraft  sk in ,  and 
The center  
The frame assem- 
i s  e s sen t i a l ly  a heat sh ie ld .  I n  space, a vacuum e x i s t s  on both s ides  of t h i s  
pane. 
and inner panes a r e  assembled as a un i t .  
t h e  volume between them i s  f i l l e d  with dry  argon a t  14.7 p s i .  
b ly  holding these  two panes forms a seal with t h e  inneg h u l l  which i s  a t  5 .5  
p s i .  The top  of t h e  window i s  t i l t e d  approximately 35 toward t h e  astronaut  
when it i s  mounted i n  t h e  spacecraf t .  
A dis tance of 1-1/4 inches separates it from t h e  center pane. 
They are separated by 5/32 inch and 
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PROCEDURES AND RESULTS 
F l a t  nes s 
Each of t h e  s i x  g l a s s  surfaces  w a s  t e s t e d  f o r  f l a t n e s s  by interferometr ic  
comparison t o  a prec is ion  o p t i c a l  f l a t  accurate  t o  1/20 wave. 
lamp w a s  used as t h e  l i g h t  source. 
t h e  arrangement shown i n  f igu re  2 i n  which a 6-inch-diameter area i n  t h e  
center  of t h e  pane was photographed. 
panes w e r e  first t e s t e d  unmounted. 
first and four th  surfaces  w e r e  again t e s t ed ,  t h e  surfaces  being numbered con- 
secut ively,  s t a r t i n g  a t  t h e  innermost surface.  The surfaces  of t h e  outer 
pane w e r e  only t e s t e d  i n  a mounted configuration. 
A sodium vapor 
The f r inge  pa t te rns  w e r e  photographed i n  
All four  surfaces  of t h e  two innermost 
A f t e r  being mounted i n  t h e i r  frames, t h e  
The f l a t n e s s  measurements showed t h a t  t h e  window surfaces  were unsymmet- 
r i c a l  about a nominal center  l i n e ,  indicat ing a random va r i a t ion  of f l a tnes s  
across  t h e  panes. Three surfaces  were pr imari ly  spher ica l ,  deviating from 3 t o  
more than 30 wavelengths from a mean plane. The other  t h r e e  surfaces exhibited 
compound curves, t h a t  i s ,  they were convex along one cross  sec t ion  and concave 
along another,  varying from 5 t o  29 wavelengths from a mean plane. 
t e s t  r e s u l t s  a r e  given i n  more d e t a i l  i n  t a b l e  I. 
these  f r inge  pa t te rns  a r e  shown i n  f igures  3 and 4. 
mounting t h e  inner panes i n  t h e i r  frames i s  apparent from a comparison of 
f igures  4(a) and 4 (b ) .  
Flatness 
Representative samples of 
The d i s t o r t i o n  due to 
Wedge A n g l e  
Wedge angle of each pane was determined by producing in te r fe rence  f r inges  
between t h e  two surfaces .  Collimated l i g h t  from a sodium l i g h t  source was used 
i n  t h e  arrangement shown i n  f igu re  5. 
each pane was photographed. 
f r inge  spacing by t h e  r e l a t ionsh ip  
The center  6-inch-diameter aper ture  of 
Wedge angle of t h e  g l a s s  was determined from t h e  
i n  which 
cp wedge angle,  radians 
N number of f r inges  
L length of zone, i n .  
n index of r e f r a c t i o n  
A wavelength i n  a i r  
3 
I 
The formula 
gives t h e  wedge angle d i r e c t l y  i n  seconds of a rc ,  and was used i n  obtaining 
t h e  data of t h i s  study. 
The wedge angle measurements indicated t h a t  t h e  thickness  of each pane 
var ied over t h e  aperture  i n  a manner s i m i 1 a . r  to an  of f -ax is  lens .  Wedge angle 
over t h e  aper ture  var ied  by as much as 100 seconds of axc. Photographs of t h e  
f r inge  pa t te rns  f o r  t h e  th ree  panes are shown i n  f igu re  6, and a graph showing 
the  computed wedge angles along t h e  v e r t i c a l  ax i s  of each pane i s  shown i n  
f igu re  7. 
Resolution 
Resolution degradation caused by t h e  window w a s  determined by photograph- 
ing a 1951 USA?? lX reso lu t ion  chart  through t h e  window. 
w a s  used t o  place t h e  chart  e f fec t ive ly  at i n f i n i t y .  P a r a l l e l  l i g h t  passing 
through t h e  window was imaged onto high reso lu t ion  copy f i l m  by a lens  with an 
aperture  of 5.3 inches i n  diameter ( f i g .  8 ) .  
on t h e  r e so lu t ion  char t .  After making a cont ro l  photograph to determine t h e  
reso lu t ion  of t h e  tes t  equipment, photographs were taken with t h e  window nor- 
m a l  to t h e  coll imator ax i s .  
35' incidence at t h e  90' azimuth angle ( f i g .  9 ) .  
encountered by an  astronaut  looking out t h e  window. A f t e r  t h e  window w a s  
i n s t a l l ed ,  photographs were taken before and after refocussing t h e  system. 
Chart l i n e  spacing was converted i n t o  angular measure f o r  ana lys i s  of t h e  
r e s u l t s .  
A coll imating system 
The camera w a s  first, focussed 
Photographs were a l s o  made with t h e  window at 
This i s  t h e  nominal angle 
The t e s t s  indicated t h a t  t h e  window causes a s ign i f i can t  loss  of r e so lu -  
t i o n  i n  an o p t i c a l  system. I n  t h e  best  t es t  condition t h e  reso lu t ion  was 
degraded from 2 seconds of a r c  to 4 to 6 seconds of a r c .  The data  shown i n  
t a b l e  I1 and f igu re  10 show t h a t  t h e  e f f ec t  on reso lu t ion  var ies  with i n c i -  
dence angle and focus. The severe l o s s  of reso lu t ion  ind ica tes  t h a t  t h e  win- 
dow acted as a lens ,  requir ing a focus correct ion f o r  best  reso lu t ion  i n  each 
test ,  case. Differences i n  reso lu t ion  between horizontal  and v e r t i c a l  l i n e s  on 
on t h e  chart  show t h a t  t h e  window introduces an ast igmatic  e f f e c t .  
Space Environment 
Certain space environment conditions were reconstructed i n  t h e  laboratory 
i n  order t o  ge t  v a l i d  l ine-of-s ight  deviat ion data .  The pressure d i f f e ren t i a l s  
across t h e  window, as they e x i s t  i n  space, were duplicated s o  t h a t  t h e  panes 
would be properly s t ra ined .  Simultaneously, t h e  difference i n  index of r e f r a c -  
t i o n  between t h e  atmosphere ins ide  t h e  capsule and t h e  vacuum of space w a s  
duplicated to give t h e  proper deviation from r e f r a c t i o n  e f f e c t s .  
t h e  pressures are as follows: 
panes, 0 p s i ;  pressure between t h e  two inner panes, 14.7 p s i ;  i n t e r n a l  space- 
c r a f t  pressure,  5.5 p s i .  These pressures were r a i sed  9.2 p s i  i n  t h e  test  
I n  o r b i t ,  
outside pressure and p r e s s w e  between two outer 
4 
condition t o  9.2, 23.9, and 14.7 p s i ,  respect ively,  as shown i n  sketch ( a ) .  
A vacuum chamber was constructed which incorporated t h e  spacecraf t  window as 
Outer Center Inner 
Pane Pane Pane 
0 psi 
9.2 psi 
(0 
0 
U 
0 
3 v: 
y. L
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0 0 
0 
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u- L E L 
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rc) (u 
5.5 psi Space pressures 
14.7 psi Simulation pressures 
- 
Q) 
0 
0 
4- L 
3 n 
Sketch (a) 
one w a l l .  The chamber w a s  evacuated to 9.2 p s i  to simulate t h e  vacuum of 
space. 
The space between t h e  two inner  panes was  pressurized t o  23.9 p s i .  The space 
between t h e  center  and outer panes was a t  9.2 p s i .  This uniform increase i n  
pressure s a t i s f i e d  both conditions of pressure d i f f e r e n t i a l  and index d i f f e r -  
ence as shown i n  appendix A, i n  which deviations due t o  index of r e f r a c t i o n  
differences a r e  compared f o r  both t h e  a c t u a l  and t h e  simulated environment. 
The laboratory a t  14.7 p s i  corresponded to t h e  spacecraft  i n t e r i o r .  
Line -of S i g h t  Deviations 
Line-of -sight deviations were measured through t h e  1-inch-diameter 
aper tures  a t  positionsA-4,C-4, C-6, and E-4, of f i gu re  11. A 12-inch- 
diameter autocollimating system, accurate  t o  1 second of a r c  ( f i g .  12) ,  w a s  
used t o  measure t h e  deviat ions a t  a l l  aper tures  consecutively a t  each ad jus t -  
ment of incidence and azimuth angles. Incidence angles of 1 5 O ,  30°, and 45' 
w e r e  set by ro t a t ing  t h e  tank horizontal ly  ( f i g .  12) about a v e r t i c a l  center  
l i n e  on window surface number 1 (sketch ( a ) ) .  
each incidence angle were set a t  45' i n t e rva l s  by r o t a t i n g  t h e  window i n  i t s  
frame about t h e  window center  at aper ture  C-4 .  Deviations were measured both 
with no pressure d i f f e r e n t i a l  across t h e  window and with t h e  simulation pres-  
sures  of sketch ( a ) .  
Azimuth angles ( f i g .  9) f o r  
The experimental data, while not s u f f i c i e n t  f o r  a complete mapping of 
Each f i g u r e  
t h e  window, do ind ica t e  t h e  deviat ion cha rac t e r i s t i c s  involved. Figures 13 
and 14 show t h e  deviations measured a t  aper tures  C - 4  and C-6. 
shows t h e  deviat ion broken down i n t o  t h e  components as measured, one compo- 
nent i n  t h e  plane of incidence and t h e  other component perpendicular to t h a t  
plane.  The graphs show t h a t  t h e  deviatTons vary as much as 100 seconds of a r c  
5 
depending on incidence angle. 
170 seconds of a r c ,  and t h e  maximum deviat ion between successive azimuth angles 
was 145 seconds of a r c .  These high slopes ind ica te  t h a t  many more azimuth 
angles would have t o  be invest igated t o  assure in te rpola t ion  accuracy of 5 
seconds or b e t t e r  between successive incidence and azimuth angles. Pos i t ion  
changes produced random var ia t ions  as high as 100 seconds of a r c .  The i n t r o -  
duction of simulation pressures produced random changes of deviation up t o  
80 seconds of a r c  from corresponding angles under no-pressure conditions.  The 
random nature of t h e  measured deviations precludes accurate in te rpola t ion  of 
deviations at incidence and azimuth angles and posi t ions between those 
measured. 
The maximum va r i a t ion  with azimuth angle w a s  
SUMMARY OF RESULTS 
The standard Gemini l e f t  -hand window t e s t e d  showed t h a t  l ine-of -sight 
deviations var ied about 3 minutes of a rc  depending on aperture  pos i t ion  on 
t h e  window, azimuth angle,  and angle of incidence. A s  much as 1-1/2 minutes 
of a r c  va r i a t ion  i n  deviat ion r e su l t ed  from t h e  pressure d i f f e r e n t i a l s  used. 
These var ia t ions  d id  not occur i n  a predictable  manner, but r a the r  i n  a ran-  
dom fashion t h a t  s eem t o  preclude ana lys i s  or in te rpola t ion  below t h i s  l eve l .  
Resolution r e s u l t s  before and after t h e  camera w a s  refocussed de f in i t e ly  
show a pronounced lens  e f f e c t  due t o  t h e  combined window panes. The lens  
e f f e c t  i s  a l s o  apparent i n  t h e  astigmatism revealed by t h e  difference i n  r e s -  
o lu t ion  between v e r t i c a l  and horizontal  l i n e s .  Since Gemini missions a r e  
manned missions, it w i l l  be possible  t o  refocus instruments through t h e  win- 
dow and a t t a i n  reso lu t ions  of t h e  order of 8 seconds of a r c .  
The measurements of t h e  op t i ca l  parameters, f l a t n e s s  and wedge angle, 
showed t h a t  t h e  g l a s s  surfaces deviated excessively from a plane,  and t h a t  
wedge angles between them were la rge  and i r r egu la r .  The pronounced lack of 
r egu la r i ty  of t h e  f l a t n e s s  and wedge angle,  however, d id  not eliminate t h e  
lens  e f f ec t  as t h e  reso lu t ion  data  show. 
The standard Gemini left-hand window i s  of reasonable qua l i ty  fo r  most 
viewing and photographic tasks  not requir ing higher reso lu t ion  than about 
8 seconds of a r c .  Instruments not requir ing 2 minutes of a r c  or b e t t e r  po in t -  
i n g  accuracy may be used behind t h i s  window. 
Ames Research Center 
National Aeronautics and Space Administration 
Moffett Field,  C a l i f . ,  J u ly  28, 1966 
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APPWIX A 
LINE-OFSIGHT DEVIATIONS DUE TO REFRACTION AND ERRORS 
INTRODUCED I N  DEVIATION ICEASUREMENTS BY UNIFORMLY 
INCREASING ENvlRONMElvTAL PRESSURES 
To provide convenient and sa fe  working conditions i n  t h e  laboratory,  it 
w a s  necessary t o  r a i s e  t h e  absolute  pressures surrounding t h e  t es t  window. 
A s  described i n  t h e  t e x t ,  t h e  pressures were r a i s e d  uniformly 9.2 p s i  from 0 
p s i  outs ide pressure and between t h e  two outer panes, 14.7 p s i  between t h e  
center  and inner panes, and 5.5 p s i  i n t e r n a l  spacecraf t  pressure t o  9.2, 23.9, 
and 14.7 p s i ,  respect ively.  
of d i s t o r t i n g  t h e  windows t h e  same amount as i n  a c t u a l  space f l i g h t  and allows 
one s i d e  of t h e  window t o  be a t  ambient laboratory pressure.  Another important 
consideration i s  t h a t  t h e  l ine-of  -sight deviations caused by t h e  index of 
r e f r ac t ion  d i f f e r e n t i a l  on e i t h e r  s ide  of t h e  window must be t h e  same i n  t h e  
simulation as i n  space. The following computations determine t h e  e r ro r  i n  t h e  
deviation when t h e  simulation pressures a r e  used ins tead  of t h e  ac tua l  
pressures.  
This uniform increase satisfies t h e  requirements 
For purposes of ana lys i s ,  it i s  assumed t h a t  t h e  g l a s s  surfaces a r e  f la t  
and p a r a l l e l .  Under these  conditions t h e r e  w i l l  be no angular l ine-of  -sight 
deviations from wedge angles of any type.  This f a c t  i s  demonstrated i n  
sketch (b)  and ca lcu la t ions .  Surfaces 1 and 2 a r e  assumed f l a t  and p a r a l l e l .  
Mediums A and C are t h e  same with an 
index of r e f r a c t i o n  n. Medium B i s  
a more dense medium of index nl. 
From S n e l l ' s  law of r e f r a c t i o n  
n s i n  a = nl s i n  P 
and 
nl s i n  y = n s i n  6 
n From geometry 
G l a s s  A i r  
medium B m e d i u m  C s o  t h a t  
Air 
medium A 
Surf  ace S u r f a c e  
P = Y  
nl s i n  P = nl s i n  y 
I 2 Thus 
n s i n  a = n s i n  6 
Sketch (b)  
or 
a = 6  
7 
I I lll1l1 II I l l 1  111111111111l11l1lI 
Although t h e  ray t r a n s l a t e s ,  it does not change d i rec t ion .  Therefore, it i s  
apparent t h a t  medium B serves only as a boundary between mediums A and C. If 
t h i s  r e s u l t  represents  a pane of f i n i t e  width as a s ing le  boundary, t h e  space- 
c r a f t  window can be represented as shown i n  sketch ( c )  i n  which t h e  panes are 
assumed p a r a l l e l .  
Medium D 
5.5 psi Space conditions 
Medium C 
14.7 psi 
Medium A 
0 psi 
23.9 ps i  14.7 psi Simulation conditions 9.2 psi 
nl "4 "2 
Outer 
pa ne 
Center 
pane 
Inner 
pa ne 
Sketch ( c )  
GEKFBAL DERIVATION 
(a) Path of ray from medium A to medium B: 
According t o  Sne l l ' s  l a w ,  
nl s i n  a = n2 s i n  p 
or 
u = sin-,(% s i n  p) 
The deviat ion of t h e  ray  i s  
c p = u - p  
Since mediums A and B are i d e n t i c a l  
n, = n2 
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Thus 
t h a t  i s ,  t h e  d i rec t ion  of t h e  ray does not deviate.  
01 = 0 
(b)  Path of ray from medium B t o  medium C: 
( P 2 = y  - 6  
or 
or 
or 
or  
( c )  Path of ray from medium C t o  medium D: 
T 3 = € - 5  
Id) Tota l  deviation from medium A t o  medium D: 
8 = 'p1 + (Pp + 03 
From geometry 
P = r  
The t o t a l  ray deviation thus becomes, by subs t i tu t ion ,  
9 '  
40 - This r e l a t ionsh ip  shows t h a t  t h e  
0 - deviat ion of a l i g h t  ray passing 
- 2  through a per fec t ly  f la t  and par -  2 0  
s o  - only on t h e  r e f r ac t ion  angle 5 
E c  
f g 20- t h e  mediums outs ide t h e  window 
- 0 -  
. E g  > ' o 10- 
g E 
c6- Sketch (a) shows t h e  magnitude 
0 i o  20 30 40 50 6o because of index of r e f r ac t ion  
normal, deg perfec t  window. 
c 
30- a l l e l  composite window depends 
and t h e  indices  of r e f r ac t ion  of 
and ins ide  t h e  spacecraf t .  The 
angle f can be measured ins ide  
t h e  spacecraf t  so that t h e  devia- 
t i o n  can be computed i f  desired.  
of deviations which occur 
differences on e i the r  s i d e  of a 
Q 
C U I  - 
c 
3 
5 ,  measured angle relative to window 
Sketch (a) 
INDEX OF REFRACTION OF A GAS 
The index of r e f r ac t ion  (QP) of a gas varies with temperature and pres-  
sure  according t o  t h e  r e l a t ionsh ip  
n o - 1  P 
1 + aT 14.7 q p - l =  
where 
no 
T temperature, C 
index of r e f r a c t i o n  a t  0' C and 14.7 p s i  
0 
P pressure,  p s i  
The value of no i s  1.0002916 f o r  t h e  sodium D l i n e  i n  air;  and a i s  
0.00366 f o r  air. The index of r e f r ac t ion  i n  a vacuum i s  unity by de f in i t i on .  
TOTAL RAY DETIATION I N  A SPACE E N V I R 0 " T  
The deviat ion of a ray through t h e  window i n  conditions similar to those 
i n  a c t u a l  Gemini f l i g h t  i s  computed as follows: From t h e  temperature-pressure 
equation (eq. (A5)), t h e  index of r e f r ac t ion  of t h e  a i r  ins ide  t h e  spacecraft  
a t  5.5 p s i  and 21.1° C i s  l.OOOlOl3. 
t o t a l  ray  deviation (eq.  (A4)) i s  therefore  
For a measured angle 5 of 60°, t h e  
8 = 36.19 seconds of a r c  
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TOTAL FUXY DEVIATION I N  THE PRESSURE ENVIRONMENT OF THIS STUDY 
A s  computed from equation ( A 5 ) ,  t h e  index of r e f r a c t i o n  of a i r ,  n,, i n  
For a measured angle 5 of 60°, t h e  
mediwnA at  9.2 p s i ,  and 21.1' C i s  1.000i694. 
at  14.7 p s i  and 21.1° C i s  1.0002706. 
ray  deviation i s  
The index of a i r  i n  medium D 
8 = 36.15 seconds of a r c  
According t o  t h e  computations the re  i s  l e s s  than  one-tenth second of a r c  
e r ro r  when t h e  environmental pressures are increased uniformly by 9.2 ps i ;  
thus t h e  pressure environment used i n  t h i s  test  i s  a v a l i d  simulation. This 
increase permitted t h e  inves t iga tors  t o  work under convenient laboratory 
conditions.  
11 
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TABLE I. - FLATNESS TEST RESULTS 
(6-in. -diameter cen t r a l  area) 
Condition (wavelengths a t  5890 A )  
Unmounted 39 convex 
Mounted 63+ convex 
Unmounted 35 concave 
Unmounted 6 convex 
Unmounted 6 convex, 4 concave 
Mounted 25 convex, 33 concave 
Mounted 44 convex, 7 concave 
Mounted 25 convex, 19 concave 
Maximum f l a tnes s  devia: ion 
TABLE 11. - LIMIT O F  RESOLUTION THROUGH STANDARD GEMINI W I N D O W  
Condition Resolution, seconds of a r c  
Horizontal l i n e s  Vert ical  l i n e s  
Collimator with no window 2 2 
Window normal t o  collimator axis  
before refocussing 63 32 
Window normal a f t e r  refocussing 6 4 
Window at 35' before refocussing 45 32 
8 8 Window at 35 a f t e r  refocussing 0 
L 
14 
Figure 1.- Standard Gemini window mounted i n  hatch. 
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Figure 2.  - Flatness  measurement, in te r fe rence  method. 
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(a) Surface 2, unmounted. 
(b)  Surface 3, unmounted. 
Figure 3. - Fla tness  interferogram. 
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(a)  Surface unmounted. 
(b )  Surface mounted. 
Figure 4.-  Flatness  interferogram on surface 4. 
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Figure 5.-  Wedge measurement, interference method. 
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(a) Inner pane. 
(b )  Center pane. 
( c )  Outer pane. 
Figure 6. - Wedge interferograms. 
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Figure 7.- Wedge angle along v e r t i c a l  axis.  
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Figure 8. - Resolution measurement. 
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Figure 10. - Resolution test  photographs. 
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Figure 11.- Aperture spacing, Gemini inner window. 
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Figure 12 . -  Deviation measurements. 
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(a)  Deviation i n  plane of measurement. 
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. 
( b )  Deviation perpendicular t o  plane 
of measurement. 
Figure 13. - Line-of -sight deviations, aperture C -4. 
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( a )  Deviation i n  plane of measurement. (b )  Deviation perpendicular t o  plane 
of measurement. 
Figure 14.  - Line-of -sight deviations, aperture C-6. 
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